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RI GHWHUPLQLQJ WKH PD[LPXP SHUIRUPDQFH WRUTXHVSHHG
FKDUDFWHULVWLF IRU DQ LQGXFWLRQ PRWRU GULYH 7KH SURSRVHG
PHWKRG FRQVLGHUV WKH YROWDJH DQG FXUUHQW FRQVWUDLQWV RI WKH
LQYHUWHU VXSSO\ IRU WKH GULYH 7KH PDWKHPDWLFDO GHVFULSWLRQ RI
WKHPRWRULQ'4UHIHUHQFHIUDPHVZDVDGDSWHGWREXLOGDPRGHO
DSSOLFDEOH IRU QXPHULF FDOFXODWLRQ ,W KDV EHHQ VKRZQ WKDW WKH
WRUTXHVSHHG FKDUDFWHULVWLF KDV  RSHUDWLQJ VSHHG UHJLRQV 7KH
RSWLPDO UHODWLRQVKLS EHWZHHQ WKH PDJQHWLVDWLRQ DQG TD[LV
FXUUHQWV LV GHULYHG IRU WKH WKLUG VSHHG UHJLRQ 7KH PRGHO
SHUIRUPVWUDFNLQJRIWKHPDJQHWLVDWLRQFXUUHQWLQRUGHUWRNHHS
WKHRXWSXWYROWDJHDQGFXUUHQWXQGHUWKHOLPLWVRIWKHLQYHUWHU,Q
DGGLWLRQ WKH SURSRVHGPRGHO SURYLGHV D PHWKRG RI FDOFXODWLRQ
IRUWKHRXWSXWSRZHUWKHDSSDUHQWSRZHUWKHSRZHUIDFWRUDQG
WKHHIILFLHQF\YVVSHHG7KHSURSRVHGPHWKRGLVDSSOLFDEOHIRUWKH
DQDO\VLV RI WKH LQGXFWLRQ PRWRU GULYH RSHUDWLQJ RYHU LWV HQWLUH
VSHHGUDQJH
Keywords—induction motors; traction motors; inverters; 
variable speed drives; torque vs speed. 
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)RUPDQ\GHFDGHV WKH LQGXFWLRQPRWRU UHPDLQHG WKHPRVW
SRSXODU HOHFWULFDO PDFKLQH IRU YDULRXV LQGXVWULDO DSSOLFDWLRQV
LQFOXGLQJ WUDFWLRQ GULYHV IRU HOHFWULILHG WUDQVSRUWDWLRQ 7KH
PRWRU UHTXLUHPHQWV IRU WUDFWLRQ DSSOLFDWLRQV DUH YHU\
GHPDQGLQJLQWHUPVRISRZHUGHQVLW\HIILFLHQF\DQGUDQJHRI
VSHHG FRQWURO >@ 7KH WUDFWLRQ PRWRUV IRU SRZHUWUDLQ
SURSXOVLRQ XVXDOO\ RSHUDWH LQ WKH FRQVWDQW SRZHU RU WKH ILHOG
ZHDNHQLQJ PRGH H[FOXGLQJ WKH ORZ VSHHG UHJLRQ ZKHUH
FRQVWDQW WRUTXHPRGH LV DSSOLHG7KH LQGXFWLRQPRWRUFRQWURO
VWUDWHJLHVZKLFKDUH LPSOHPHQWHG WRSURYLGHHIILFLHQW WUDFWLRQ
SHUIRUPDQFH DUH XVXDOO\ EDVHG RQ ILHOGRULHQWHG RU GLUHFW
WRUTXHFRQWURODOJRULWKPVLQZKLFKWKHPD[LPXPSHUIRUPDQFH








UDWHG FXUUHQW 7KH LQFUHDVHRI WKH VKDIW VSHHG ULVHV WKHPRWRU
EDFN(0)XQWLOLWUHDFKHVWKHPD[LPXPSHUPLVVLEOHYROWDJHRI
WKH LQYHUWHU VXSSO\LQJ WKH GULYH ,Q WKH VHFRQG UHJLRQ RI WKH
WRUTXHVSHHG FKDUDFWHULVWLF WKH PRWRU LV RSHUDWLQJ XQGHU D
FRQVWDQWSRZHUPRGHLQZKLFKWKHIOX[LVUHGXFHG8QGHUWKLV
PRGH WKH IOX[ OLQNDJH UHIHUHQFH LV XVXDOO\ JHQHUDWHG E\ WKH
YROWDJH FRQWUROOHU NHHSLQJ WKH RXWSXW YROWDJH RI WKH LQYHUWHU
FORVH WR WKH PD[LPXP YDOXH >@ $ IXUWKHU VSHHG LQFUHDVH





$Q LQGXFWLRQ PDFKLQH KDV D VRSKLVWLFDWHG PDWKHPDWLFDO
GHVFULSWLRQDQGWKHDQDO\WLFDOUHSUHVHQWDWLRQRIWKHVHFRQGDQG






7KLV SDSHU FRQVLGHUV DQ HIIHFWLYH QXPHULFDO PHWKRG RI
GHWHUPLQLQJ WKH PD[LPXP SHUIRUPDQFH WRUTXHVSHHG
FKDUDFWHULVWLFRIDQLQGXFWLRQPRWRULQFOXGLQJVRPHH[WUDGDWD
VXFK DV SRZHU IDFWRU HIILFLHQF\ PHFKDQLFDO DQG DSSDUHQW
SRZHU 7KLV PHWKRG FDQ EH XVHG WR GHILQH WKH PD[LPXP




A. Induction Machine Model
,Q WHUPV RIPRGHOOLQJ DQ LQGXFWLRQPRWRU LV D QRQOLQHDU
REMHFW KDYLQJ YDULDEOH SDUDPHWHUV DQG FURVVFRXSOLQJV:KHQ
WKHPRWRULVRSHUDWLQJXQGHUILHOGRULHQWHGFRQWUROLWLVDVVXPHG







OLPLWDWLRQ RI WKH PRWRU VOLS DQG PDJQHWLVDWLRQ FXUUHQW
$FWXDOO\LIWKHPRWRUVOLSYDOXHLVLQVLJQLILFDQWO\YDU\LQJWKHQ
WKH URWRU UHVLVWDQFH UHPDLQV DSSUR[LPDWHO\ FRQVWDQW 7KH
OLPLWDWLRQRIWKHPDJQHWLVDWLRQFXUUHQWE\WKHUDWHGYDOXHEULQJV
WKHPRWRURSHUDWLQJSRLQWLQWKHVDWXUDWLRQNQHHDUHDRIWKHLURQ
PDJQHWLVLQJ FXUYH $Q\ IXUWKHU ILHOG ZHDNHQLQJ PRYHV WKH
PDFKLQH RSHUDWLQJ SRLQW LQWR WKH OLQHDU UHJLRQ RI WKH
PDJQHWLVLQJFXUYH
'4 UHIHUHQFH IUDPHV DUH V\QFKURQLVHGZLWK WKH URWRU IOX[
OLQNDJH WR UHSUHVHQW WKH PDLQ HTXDWLRQV RI WKH PDFKLQH DV
VKRZQ EHORZ 7KH VHW RI HTXDWLRQV FRQVLVWV RI WKH VWDWRU
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 Z Z  
ZKHUHvsdDQGvsqDUHdDQGqD[LVYROWDJHVUHVSHFWLYHO\isdDQG
isq DUH d DQG qD[LV FXUUHQWV UHVSHFWLYHO\ Rs DQGRr DUH WKH







V   LVJOREDO
OHDNDJH FRHIILFLHQW Lr LV WKH URWRU LQGXFWDQFH Ȧ LV WKH LGOH
VSHHGȦLVWKHFXUUHQWVSHHGDQGTLVWKHWRUTXH7KHPD[LPXP
YDOXHRIWKHYROWDJHLVGHILQHGDVWKHIROORZLQJ
  max sd sqV v vt   
7KH PRWRU LV VXSSOLHG E\ DQ LQYHUWHU ZKHUH WKH FXUUHQW
VKRXOGEHOLPLWHGWR
  max sd sqI i it   
$FWXDOO\WKHUHPD\EHRWKHUOLPLWVIRUWKHFXUUHQWSURILOH,W
PD\GHSHQGRQ VSHHG RU LWPD\EH HYDOXDWHG IURPD WKHUPDO
PRGHO RI WKH GULYH+RZHYHU LI WKHPRWRU LV VXSSOLHG E\ DQ
RUGLQDU\ YROWDJH VRXUFH LQYHUWHU WKHQ WKH PDLQ OLPLWDWLRQ
SDUDPHWHULVWKHYDOXHRIWKHSHDNRUFRQWLQXRXVFXUUHQWRIWKH
LQYHUWHU 7KH VXJJHVWHG PHWKRG RI GHWHUPLQLQJ WKH
FKDUDFWHULVWLFLVEDVHGRQWKLVOLPLWDWLRQSDUDPHWHU
B. Definition of the Speed Regions
1) First speed region
7KHILUVWVSHHGUHJLRQRI WKH WRUTXHVSHHGFKDUDFWHULVWLF LV
DOVRFDOOHGDFRQVWDQWWRUTXHUHJLRQ7KHPDJQHWLVDWLRQFXUUHQW
RI WKHPRWRU XQGHU WKLV PRGH VKRXOG EH OLPLWHG DW WKH UDWHG
YDOXH$IXUWKHULQFUHDVHRIWKHPDJQHWLVDWLRQFXUUHQWLVIXWLOH
GXHWRVDWXUDWLRQHIIHFWLQWKHPDFKLQH$VWKHdD[LVFXUUHQWLV
VHW WR LWV UDWHGYDOXH WKHqD[LVFXUUHQWFDQEHHYDOXDWHGIURP
DFFRUGLQJWRWKHFXUUHQWOLPLW
  sq max sd ratedi I i   
7KHPRWRU WRUTXHFDQEHHYDOXDWHGXVLQJ 7RHYDOXDWH
WKH VWDWRU YROWDJHV E\PHDQV RI  WKH LGOH VSHHG VKRXOG EH
GHWHUPLQHGILUVWXVLQJ




Z  Z  
7KHPRWRURSHUDWHV LQ WKHFRQVWDQW WRUTXH UHJLRQXQWLO WKH
RXWSXW YROWDJH RI WKH LQYHUWHU LV EHORZ WKH PD[LPXP YDOXH
DFFRUGLQJWR
2) Second speed region
,Q WKH VHFRQGVSHHG UHJLRQRI WKHFKDUDFWHULVWLF WKHPRWRU
SHUIRUPVD FRQVWDQWSRZHURSHUDWLRQ7KLV UHJLRQVWDUWVZKHQ
WKHLQYHUWHUYROWDJHUHDFKHVWKHPD[LPXPYDOXHDQGWKHqD[LV
YROWDJH VLJQLILFDQWO\ LPSDFWV RQ WKH PDJQLWXGH RI WKH RXWSXW
YHFWRU7RNHHSWKHYROWDJHOHYHOEHORZWKHPD[LPXPYDOXHDW
LQFUHDVHG VSHHG WKH dD[LV PDJQHWLVDWLRQ FXUUHQW KDV WR EH
UHGXFHGZKLOHqD[LVFXUUHQWFDQEHLQFUHDVHGDFFRUGLQJWR
7KHdD[LV EDFN(0)FRPSRQHQW JURZV SURSRUWLRQDOO\ WR
WKH VSHHG LI WKH qD[LV FXUUHQW LV DSSUR[LPDWHO\ FRQVWDQW





3) Third speed region
,QWKHWKLUGVSHHGUHJLRQLWLVDVVXPHGWKDWWKHYROWDJHGURS








  V Z ½°¾ Z °¿
 
7KHRSWLPDORSHUDWLQJSRLQW FRUUHVSRQGV WRDFRQGLWLRQ LQ
ZKLFKERWKYROWDJHFRPSRQHQWVDUHHTXDO7RNHHS WKHPRWRU
RSHUDWLRQDWWKHRSWLPXPRSHUDWLQJSRLQWXQGHUDIXUWKHUVSHHG
LQFUHDVH ERWK WKHd DQGqD[LV FXUUHQWV VKRXOG EH GHFUHDVHG
VLPXOWDQHRXVO\ ,Q WKLV FDVH WKH OLPLWDWLRQ IRU WKH qD[LV
FXUUHQWFDQEHH[SUHVVHGIURPDVIROORZLQJ
 sdsq max
ii d V  
,,,02'(/:,7+'$;,6&855(1775$&.,1*
,W KDV EHHQ PHQWLRQHG DERYH WKDW WKHUH LV QR DQDO\WLFDO
VROXWLRQ WR WKH SUREOHP RI GHWHUPLQLQJ WKH PD[LPXP
SHUIRUPDQFHWRUTXHVSHHGFKDUDFWHULVWLFIRUDQLQGXFWLRQPRWRU
LQ WKHVHFRQGDQG WKLUGVSHHGUHJLRQV+RZHYHU WKLVSUREOHP
FDQ EH VROYHG XVLQJ D VLQJOH SDUDPHWHU WUDFNLQJ PRGHO
VXJJHVWHGLQWKLVSDSHU7KHPRGHOLVEDVHGRQWKHDSSURDFKLQ
ZKLFK WKHFXUUHQWVRI WKHPRWRUDUHGHILQHG LQ WKH ILUVW VSHHG
UHJLRQDQGWKHUHODWLRQVKLSEHWZHHQFXUUHQWVLVGHILQHGIRUWKLUG
VSHHGUHJLRQ7KHFKDQJHRIWKHdD[LVFXUUHQWLPSDFWVRQWKH








$W WKHQH[W VWDJH WKH WRUTXH VOLS DQG LGOH ORDG VSHHGDUH
FDOFXODWHG FRQVHFXWLYHO\ XVLQJ  DQG  7KLV JLYHV D
VXIILFLHQWLQIRUPDWLRQWRHYDOXDWHWKHVWDWRUYROWDJHE\DQG
FRPSDUH LWVPDJQLWXGHZLWK WKH YROWDJH OLPLW 7KH GLIIHUHQFH
EHWZHHQWKHYROWDJHOLPLWDQGPDJQLWXGHRIWKHVWDWRUYROWDJHLV
XVHG WR WUDFN WKHFRUUHFWYDOXH IRUPDJQHWLVDWLRQFXUUHQW7KH
SURSRVHGPRGHOLVUHSUHVHQWHGE\WKHVWHDG\VWDWHHTXDWLRQVIRU




7KLV PRGHO FDQ EH H[WHQGHG WR HYDOXDWH WKH RXWSXW
PHFKDQLFDO SRZHU WKH DSSDUHQWSRZHU  WKHSRZHU IDFWRU
DQGWKHHIILFLHQF\
     sd sq sd sqS v v i i    
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7KH H[WHQGHG PRGHO ZDV LPSOHPHQWHG XVLQJ WKH
0$7/$%6LPXOLQN VRIWZDUH HQYLURQPHQW 7KH SDUDPHWHUV
SUHVHQWHG LQ 7DEOH , KDYH EHHQ DSSOLHG IRU PRGHOOLQJ DQG
FDOFXODWLRQ
)LJVKRZVWKHUHVXOWVRIWKHPRGHOOLQJZKHUHWKUHHVSHHG
UHJLRQV DUH FOHDUO\ YLVLEOH IURP WKH DSSDUHQW SRZHU FXUYH
2WKHU FXUYHV GHPRQVWUDWH D UHODWLYHO\ VPRRWK FRQQHFWLRQ IRU
WZRRIWKHWKUHHVSHHGUHJLRQV)RUH[DPSOHWKHSRZHUIDFWRU
FXUYHKDVDVWHSLQLWVGHULYDWLYHZKHQPRYLQJIURPWKHVHFRQG
WR WKH WKLUGVSHHGUHJLRQZKLOH WKH WRUTXHDQG WKHPHFKDQLFDO
SRZHU FXUYHV KDYH D IUDFWXUH RQ WKH ERUGHU EHWZHHQ WKH ILUVW
DQGWKHVHFRQGVSHHGUHJLRQV
,W VKRXOG EH PHQWLRQHG WKDW WKH ³FRQVWDQW SRZHU UHJLRQ´
GRHVQRWPHDQFRQVWDQWSRZHURQWKHPRWRUVKDIW,WPHDQVWKDW




GHWHUPLQLQJ WKH PD[LPXP SHUIRUPDQFH WRUTXHVSHHG
FKDUDFWHULVWLF RI DQ LQGXFWLRQ PRWRU GULYH 7KLV PHWKRG LV
DSSOLFDEOH IRU WKHPRWRURSHUDWLRQRYHU LWV HQWLUH VSHHG UDQJH















































































































HIILFLHQF\ RI WKHPRWRU YV VSHHG 5HG OLQH VHSDUDWHV ILUVW DQG VHFRQG VSHHG
UHJLRQVRUDQJHOLQHVHSDUDWHVVHFRQGDQGWKLUGVSHHGUHJLRQV
,Q DGGLWLRQ WKLV PHWKRG SURYLGHV DQ HYDOXDWLRQ RI WKH
RXWSXWSRZHURQWKHPRWRUVKDIWWKHDSSDUHQWSRZHUWKHPRWRU
HIILFLHQF\ DQG WKH SRZHU IDFWRU YV VSHHG 7KLV PHWKRG LV
FRQVLGHUHG WR EH D XVHIXO WRRO IRU HQJLQHHUV LQYROYHG LQ WKH
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